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Fabrication of submicrometer structures by two-photon-initiated polymerization is performed with an inexpen- 
sive and low- power microlaser. This is made possible by the design of photoinitiators with strong two-photon 
absorption cross sections. We analyze the influence of both material properties and irradiation conditions on 
the two-photon polymerization rate and show that resins based on our highly sensitive two-photon photoini- 
tiator can be solidified with microlaser excitation, whereas commercial U V photoresins require ultrashort and 
intense laser pulses. © 2002 Optica) Society of America 
OC1S codes: 220.4000. 190.4710, 160.4330, 160.5470, 350.3390. 



Photopolymerization initiated by two- photon absorp- 
tivity (TPA) is an interesting method for the fabrication 
of complex micrometer- size three-dimensional (3D) 
structures.'* 9 When a chromophore acting as a pho- 
toinitiator is excited by the simultaneous absorption of 
two photons, it can chemically activate polymerization 
reactions, leading to the formation of solid structures. 
Since the absorption rate depends on the square of 
the incident laser intensity, TPA polymerization bene- 
fits from a large penetration depth and tight confine- 
ment of the excitation volume about the focal point. 
Thus. TPA polymerization provides a very simple and 
straightforward way to produce intricate 3D structures 
with high resolution. The wide range of microstruc- 
tures of arbitrary complexity that can be produced by 
this technique should find applications in microflu- 
idics, microelectromechanica! systems, 3D integrated 
optical components, and biomedical microdevices 
(e.g., for drug delivery, manipulation of biological 
objects). 

Recently, two-photon-induced polymerization was 
used to produce integrated optical devices, 3 optical 
memories/ photonic bandgaps, 4 " 6 and microma- 
chines, 78 However, an important limitation to the 
widespread application of this attractive approach 
arises from the weak sensitivity of commercial UV 
photopolymers to TPA excitation: They require high 
laser intensities and substantial exposure times. The 
necessity to employ lasers with ultrashort pulses, 
high peak powers, and large repetition rates is not 
only onerous but also may damage the material, so 
that, in practice., only a small intensity window can 
be used for safe fabrication. In this context it seems 
interesting to identify molecules that display good 
initiation efficiency together with a strong TPA. Such 
an approach would make it possible to reduce both 
the laser intensity and the exposure time. Up to 
now, only a few studies in this direction have been 
undertaken. 49 " 11 

We recently reported the design and synthesis 
of new chromophores that exhibit high TPA in the 
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visible spectral range (450-550 nm) and are able 
to photochemically initiate the polymerization of 
acrylate monomers. n These new chromophores are 
based on a D-Yl-D structure (where D is an amino 
donor and U is a weak conjugated bridge, biphenyl or 
fluorene). 4 12 Our results show that resins based on 
these photoinitiators are orders of magnitude more 
sensitive to TPA excitation than are conventional UV 
photoresins. 

In this Letter we demonstrate the possibility of 
using low-power microlaser TPA-initiated polymer- 
ization. First, a simple model is proposed to relate 
the progression of the photopolymerization reaction 
to material and laser irradiation characteristics. On 
the basis of this model, we can compare our material 
with commercial UV systems, showing that lasers 
with moderate intensities and low repetition rates are 
able to induce TPA polymerization of resins based on 
our photoinitiator. An example of 3D microstructure 
fabricated with a low-cost microlaser is given. 

For our experimental conditions, we consider the 
basic chemical processes involved in two-photon poly- 
merization to be those shown Fig. 1. Under laser 
irradiation, the photoinitiator dye can be excited by 
simultaneous absorption of two photons. Then, it un- 
dergoes an energy-transfer reaction with an acrylate 
monomer, resulting in the creation of radicals that are 
able to initiate the chain polymerization reactions. 
The growth of chain radicals is restrained by termi- 
nation reactions. Below, we assume that bimolecular 

Initiation A — A' 

A' y M ■■ A' + M* 

A tpbotoinllialor 

Prepay*™ A/; | M ^— ^ • M,%, M : monomer 

M' :grnwing radical 

Termination M' 4 M' ~ ' dead polymer 

Fig. 1. Basic steps of polymerization. 
© 2002 Optical Society of America 



August l f 2002 / Vol. 27, No. 35 / OPTICS LETTERS 1349 



recombination between propagating radicals is the 
predominant termination process. lxu 

The polymer structure that is fabricated has to 
resist the developing stage when unexposed resin 
is washed away. It should also possess adequate 
mechanical strength. Therefore, a sufficient degree 
of cross linking has to be achieved. The progression 
of the cross-linking reactions under two-photon ex- 
citation for given exposure conditions and material 
properties is derived below. 

The degree of polymerization can be estimated 
through the quantity of monomer that is converted 
to polyjner. The rate of monomer conversion can be 
considered equal to the rate of propagation and is 
given by Eq. (1), where k p is the rate constant for 
propagation, [M] is the monomer concentration, and 
[M*] is the total concentration in chain radicals: ' 

-d[A/]/d< - k P [M-)[M]. (l) 
The evolution of the concentration in propagating radi- 
cals [M m ] results from a competition between the ini- 
tiation and termination rates, as shown in Eq, (2), in 
which Ri stands for the initiation rate and k, is the 
rate constant for termination: 

d[M m ]/dt - 2k t [M'] 2 . (2) 
We consider Eqs. (1) and (2) to describe completely the 
kinetics of the polymerization process. In this model 
the influence of scavengers such as oxygen is over- 
looked. Diffusion and other nonlocal phenomena are 
not taken into account either. 

A (though pulsed lasers are used to generate the radi- 
cal species., the initiation rate is assumed to be con- 
stant in time, since the cycle time of lasers is usually 
fast ^compared with the lifetime of growing radi- 
cals. 1 Equation (3) gives an expression of the av- 
erage initiation rate, which depends on the rate of 
production of excited photoinitiators by TPA and the 
efficiency of the energy-transfer process leading to the 
formation of radicals: 



In Eq. (3), <D is the quantum yield for radical genera- 
tion, i.e., the probability that an excited photoinitiator 
will give rise to a radical: a TPA is the TPA cross sec- 
tion of the initiator dye; [A] is the concentration in the 
photoinitiator; hco is the photon energy (/ Pdt) 
is the square of the light intensity integrated over one 
pulse; and F is the repetition rate of the laser 

Solving Eqs. (1) and (2) yields the progression of 
the polymerization reaction: The evolution of the con- 
centration of radicals is expressed in Eq. (4), and the 
density of monomer converted to polymer is given by 
Eq. (5). The laser is switched on at t = 0. During ex- 
posure [AT] increases until it reaches its steady-state 
value, [AT], = [7?,/(2*, )]^ : J 

[M m ] - [AT], tanh(2*,[AT;U), ' (4) 

^consumed - [A/],{ J - [C0sh(2£, [M "] s f )]~ V 2 */ J . (5) 

[Ml is the initial concentration of monomer. 

A close approximation of Eq. (5) is given by 
^consumed « [M]i[l - exp(- k p [M '].,/)] when exposure 



times are long compared with l/k,[M'] f . For the 
range of exposure times that we use experimen- 
tally (-10 ms), the quantity 1/r = k p [M 0 ] s can be 
considered the rate of polymerization. The influ- 
ence of laser and material parameters on this rate 
is detailed in Eq. (6), where K ( = <\>a Tl > A [A] and 

1 



Mi 
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(6) 



In Eq. (6), there are contributions from the reactiv- 
ity of the monomer and propagating radicals (k p and 
k,), the properties of the photoinitiator (tf,), and the 
characteristics of the laser source and exposure geom- 
etry, i.e., intensity, pulse duration, and repetition rate 
(AT,). Therefore, Eq. (6) can be used to compare the 
polymerization speed obtained with different resins 
and irradiation conditions. 

Below, we show that, because of the high <7tp a 
values of our photoinitiator, a nanosecond microlaser 
leads to the same polymerization speed as that ob- 
tained with femtosecond lasers and commercial UV 
resins. As kinetic parameters, k p and k t , are of the 
same order of magnitude for most usual monomers 
in radical chain polymerization, 13 our comparison is 
based only on K % and K t . As an example of TPA 
fabrication using a commercial UV initiator and 
a femtosecond laser, we consider the experimental 
conditions employed by Kawata and co-workers. 815 

For our photopolymerization experiments, the light 
source was a frequency-doubled Nd:YAG microlaser 
from Nanolase JDS Uniphase delivering 0.5-ns pulses 
with a 6.5-kHz repetition rate at the wavelength of 
532 nm. An average power of 1.2 mW was used 
and the laser was focused into a 1.8^m- waist focal 
spot. In our case, the factor K t yields a value of 
Ki - 6 x 10 58 photons 2 m" 4 s~ 2 at the center of the 
focal spot. The photopolymerization experiments 
by Kawata and co-workers were carried out with a 
mode-locked Tirsapphire laser with a 150-fs pulse 
duration, a 76-MHz repetition rate, and 140-pJ pulse 
energy focused through a 1.4-N.A. objective lens An 
approximate value of K t = 1 x 10 64 photons 2 m" 4 s~ 2 
is obtained in these irradiation conditions. Therefore 
by using a microlaser and weak focusing, we lose a 
factor of 10 5 on K t . 

Let us now compare the values of K im Our 
resin consisted of 3% photoinitiator [N 4 7V 4/ -bis- 
(4-methoxyphenyl)-7V 4 ,N 4 '-diphenyl-2, 7-diamino-9, 9- 
diethylfluorenej, 70% monomer [tris(2-hydroxyethyl) 
isocyanurate triacrylate with a radical inhibitor level 
of 100 parts in 10 6 ] and 27% polymer binder 
fpoly(styrene-co-acrylonitrile) (75/25)]. The synthe- 
sis, TPA cross section, electrochemical potential and 
initiation properties of our photoinitiator were 
reported previously. 11 Its TPA cross section at 
5J2 nm was found to be a T PA = 8 X 10~ 49 cm 4 s 
photon" 1 The quantum yield c]> 0 f the energy 
transfer between the excited photoinitiator and the 
monomer can be deduced from biomolecular quenching 
values already reported for molecules similar to our 
photoinitiator in presence of acrylates. 16 Considering 
that the typical excited-state lifetime was 1 ns we 
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Fig. 2. Scanning electron microscope images of a 1-Euro 
coin, fabricated with a microlaser: fa) overview, (b) mag- 
nified detail. 



found an approximate value of <J> = 10~ 3 . In the case 
of commercial UV photoinitiators, they exhibit 
weak r/TPA values. As an example, a value of 
3.8 x 10" 56 cm 4 s photon -1 was measured by Miwa 
et aL on a commercial photoresin. 17 This is 7 orders 
of magnitude lower than our photoinitiator's TPA 
cross section. However, the radical generation 
quantum yield of commercial photoinitiators is 
expected to be better than 10" 1 . Therefore, the 
overall value of K k is approximately 5 orders of 
magnitude higher for our resin than for commercial 
UV resins. This higher magnitude compensates for 
the lower value of K f resulting from our irradiation 
source. Hence, the polymerization speed obtained is 
of the same order of magnitude in both experiments. 

The threshold exposure for polymerization of our 
resin was determined to be 95 J/cm 2 , n corresponding 
to a minimum exposure time of 4 ms to induce poly- 
merization at the center of the beam. This time is of 
the same order of magnitude as the exposure times re- 
ported by Tanaka et a/. 15 In accordance with our pre- 
dictions, polymerization speeds are comparable when 
one is using either our optimized photoinitiator and 
low-intensity exposure or a commercial UV initiator 
and tightly focused ultrashort laser pulses. 

We created polymer microstructu res with our mi- 
crolaser to illustrate the large range of possibilities 
offered by the two- photon polymerization technique. 
Figure 2 displays scanning electron microscope im- 
ages of a 1-Euro coin. The images were fabricated by 
point-by-point irradiation with a high-N.A. (1.3-N.A.) 
objective lens, allowing a focal spot of ~-0.2-/um radial 
size with an average power of -3 /zW to form. The 
distance between adjacent points was 200 nm. After 
the resin film was irradiated, we immersed it in ace- 
tone to dissolve the unexposed material, leaving only 
the polymer structure on the glass plate. The 1-Euro 
coin had a diameter of 20 pan, and features as small 
as 160 nm could be depicted on the micrograph. We 
believe that better spatial resolution can be attained 
through optimization of the irradiation conditions with 
respect to the resin photosensitivity. This aspect is 
under study. 

In conclusion, we have shown that two-photon- 
initiated polymerization could be performed with a 



common and inexpensive laser source, owing to the 
design of photoinitiators with large TPA. This result 
should encourage the widespread use of this versatile 
technique, which makes it possible to fabricate 3D mi- 
crostructures of arbitrary complexity. We proposed a 
simple model to relate the progression of the polymer- 
ization process to the photopolymer and irradiation 
characteristics, providing a basis on which different 
experimental conditions can be compared. Using 
this model, we can clarify why our photoresin can be 
solidified by exposure to low intensities, at speeds 
equivalent to those obtained in other microfabrication 
experiments that employed femtosecond lasers. 5,817 

References 

1. E. S. Wu, J. H. Strickler, W. R. Harrell, and W. W. 
Webb, Proc. SP1E 1674, 776 (1992). ' 

2. S. Maruo, O. Nakamura, and S. Kawata, Opt. Lett. 22, 
132 (1997). 

3. M. P. Joshi, H. E. Pudavar, J. Swiatkiewicz, P. N. 
Prasad, and B. A. Reianhardt, Appl. Phys. Lett. 74, 
170 (1999). 

4. B. H. Compston, S. P. Ananthave), S. Barlow, D. L. 
Dyer, J. E. Ehrlich, L. L. Erskine, A. A. Heikal, S. M. 
Kuebler, I.-Y. S. Lee, D. McCord-Maughon, J. Qin, 
H. Rbckel, M. Rumi, X.-L. Wu, S. R. Marder, and 
J. W. Perry, Nature 398, 51 (1999). 

5. R. A. Borisov, G. N. Dorojkina, N. I. Koroteev, V. M. 
Kozenkov, S. A. Magnitskii, D. V. Malakhov, A. V. 
Tarasishin, and A. M. Zheltikov, Appl. Phys. B 67, 765 
(1998). 

6. H.-B. Sun, S. Matsuo, and H. Misawa, Appl. Phys. Lett. 
74, 786 (1999). 

7. P. Galajda and P. Ormos, Appl. Phys. Lett. 78, 249 
(2001). 

8. S. Kawata, H.-B. Sun, T. Tanaka, and K. Takada, Na- 
ture 412, 697 (2001). 

9. C. Li ? L. Luo, S. Wang, W. Huang, Q. Gong, Y. Yang, 
and S. Feng, Chem. Phys. Lett. 340, 444 (2001). 

10. K. D. Belfield, K. J. Schafer, Y. Liu, J. Liu, X. Ren, 
and E. W. Van Stryland, J. Phys. Org. Chem. 13, 837 
(2000). 

11. C. Martineau, R. Anemian, C. Andraud, I. Wang, 
M. Bouriau, and P. L. Baldeck, "Efficient initiators 
for two-photon induced polymerization in the visible 
range," Chem. Phys. Lett, (to be published). 

12. M. Albota, D. Beljonne, J. L. Bredas, J. E. Ehrlich, 
J. Y. Fu, A. A. Heikal, S. E. Hess, T. Kogej, M. D. 
Levin, S. R. Marder, D. McCord-Maughon, J. W. Perry, 
H. Rockel, M. Rumi, G. Subramaniam, W. W. Webb, 
X. L. Wu, and C. Xu, Science 281, 1653 (1998). 

13. G. Odian, Principles of Polymerization, 2nd ed. (Wiley, 
New York, 1981). 

14. S. M. Kuebler, B. H. Compston, S. Ananthavel, S. Bar- 
low, J. E. Ehrlich, L. L. Erskine, A. A. Heikal, 
D. McCord-Maughon, J. Qin, H. Rockel, M. Rumi, S. R. 
Marder, and J. W. Perry, Proc. SPIE 3937, 97 (2000). 

15. T. Tanaka, H.-B. Sun, and S. Kawata, Appl. Phys. Lett. 
80, 312 (2001). 

16. S. M. Kuebler, M. Rumi, T. Watanabe, K. Braun, B. H. 
Cumpston, A. A. Heikal, L. L. Erskine, S. Thayumana- 
van, S. Barlow, S. R. Marder, and J. W. Perry, J. Pho- 
topolym. Sci. Technol. 14, 657 (2001). 

17. M. Miwa, S. Juodkazis, T. Kawakami, S. Matsuo, and 
H. Misawa, Appl. Phys. A 73, 561 (2001). 



BEST AVAILABLE COPY 



7 9 



THIS PAGE BlAMKiusno) 



